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Point-by-point  matrix  effeot  calibration  is  applied  to  a 
variety  of  AlxGaj_xAs  mul  til  syer-mnl  tins  trix  samples  grown  by 
molecnlar  beam  epitaxy.  The  procedure  uses  the  linear  dependence 
of  secondary  ion  yields  and  sputtering  yields  on  matrix  composition 
to  quantify  depth  profiles  through  matrix  gradients  and  interfaces. 
The  proposed  method  provides  accurate  results  in  the  analysis  of 
samples  too  complex  for  conventional  quantitative  analysis  by 
secondary  ion  mass  speotrometry. 
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Secondary  ion  mss  spectrometry  (SIMS)  is  often  used  to  nonitor 
elemental  depth  distributions  in  solids  snd  solid  interfsees.  The 
technique  is  highly  sensitive  for  nost  elements  snd  hss  good  depth 
resolution.  However,  the  eoaplezity  of  the  sputtering  event  hss  stde 
quantitative  analysis  difficult.  Ion  iaplant  standards  (1-3)  have 
been  successfully  used  to  calibrate  the  depth  profiles  of  trace 
elaaents  in  hoaogeneous  as trices.  However,  due  to  the  variation  of 
secondary  ion  yields  snd  sputtering  yields  with  Mtrix  composition, 
Mtriz  effects,  the  quantification  of  SIMS  profiles  in  sniltiMtrix 
samples  rcaains  a  problea. 


For  Al^a^Ai  and  related  Mtrices,  it  has  recently  been  shown 
that  practical  ion  yields  t  (  ions  detected/  atoas  sputtered)  and 
sputtering  yields  S  (  secondary  stoas/prinary  ion)  vary  linearly  with 
saaple  composition  (4).  In  addition,  highly  precise  calibration  lines 
were  obtained  using  relative  ion  yields  Hr  and  relative  sputtering 
yields  ES.  These  relative  values  were  obtained  by  noraslixing  ion 
yields  and  sputtering  yields  froa  a  saaple  matrix  (x%  and  Sz)  to  those 
froa  a  standard  aatriz  (tq  tad  Sq)  when  both  nessureaents  were 
perforaed  under  near  identical  analysis  conditions. 


k  ■  *x/*0 


(1) 


ES  -  Sx/Sq 


(2) 


In  th.it  investigation#  tht  tpplioatioa  of  these  calibration  Haas 
to  the  analysis  of  AlxOa^_xAs  anl til ayer-anl tiaatr ix  saaples  is 
examined.  These  Super  IqM  t’G  esj~  as  shova  ia  Figaro  1,  are  best 
characterised  as  a  series  of  hoaogeaeoas  matrices.  A  profile 
correctioa  program  (SLIC)j  which  treats  each  poiat  of  a  depth  profile 
as  a  hoaogeaeoas  aatriXjWill  be  preseated.  SLIC  determines  the  matrix 
composition  at  each  poiat  of  a  depth  profile  and  subsequently  performs 
a  point-by-point  correotioa  of  the  trace  element  distribations.  The 
capabilities  and  limitations  of  this  method  will  be  discassed. 


HfwiiiflffAk  9imm 

Sample  Preparation.  The  AlsGa]_xAs  matrices  were  grown  by 
aolecalar  beam  epitaxy  (MBB)  oa  semi-insal sting  6 a As  substrates.  The 
matrix  compositions  were  determined  from  the  MBB  growth  parameters  and 
verified  to  an  accuracy  of  better  than  10%  (S)  using  Rutherford 
baehseatteriag  spectroscopy  (BBS) .  la  some  instances  dopants  were 
introduced  during  the  growth  process  while  in  others#  including  the 
standards#  ion  implantation  was  used.  Prior  to  implantation  saaples 
were  cleaned  with  acetone  and  methanol. 


Instrumentation.  The  AlzGa]_sAs  layers  were  grown  in  a  PARIAN 
MBB-360  machine  (6) .  RBS  measurements  were  carried  out  on  a  GENERAL 
IONBX  Taadetroa  Model  4110A.  Analyses  were  performed  using  a  2.7  Mew 
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H**  ion  boas  with  solid  stats  dstsetion  at  a  170*  angle  froa  the 
incident  beaa  path.  Ion  inplantation  was  performed  using  a  hot 
filcaent  ion  source  and  a  aagaat  foe  ass  a  separation. 

SIMS  analysis  was  carried  ont  on  a  CAMECA  IMS-3F  ion 

aioroaaalyzer  (7)  interfaced  to  a  HEWLETT  PACKARD  9845T  Microcomputer 
for  eoatrol  and  data  acquisition.  A  1.0  pA  primary  beaa  at  an 

energy  of  5.5  KeV  was  raatered  owe t  a  300  X  300  pm  area.  Positive 
secondary  ions  were  monitored  froa  an  iaage  field  50  pa  in  diaaeter. 
Aaalysea  were  performed  with  a  residual  pressure  of  2  X  10~®  torr  and 
an  energy  window  of  130  eV.  A  multiple  sample  holder  was  used  to 
sianltaneously  mount  several  saaplea.  Depth  measurements  on  the 
sputtered  craters  were  performed  on  a  TALTSTEP  stylus  device. 

Software.  Programs  for  instrumental  control,  data  analysis,  and 
matrix  correction  were  written  in  BASIC  for  the  HP  984ST.  The  program 

SLIC  (auperlatttiee  and  interfaee  calibration)  was  used  to  correct 

depth  profiles  for  matrix  ef foots. 

SLIC  is  a  eoapreheuaive  matrix  eorreetion  program.  For 
Al^ftl-gAs  matrices,  the  matrix  composition  and  depth  at  each  point  of 
a  depth  profile  ia  determined  by  an  iterative  process  involving 
calibration  lines  for  both  relative  sputtering  yield  and  the  relative 
ion  yield  of  ^Aa*.  Dopant  profiles  are  then  corrected  for  matrix 
changes  using  the  appropriate  dopant  calibration  lines. 


Procedure.  Each  saaple  iu  BOistid  with  three  standards,  eraatad 
b y  ion  implantation,  nsing  a  multiple  sanpl •  holder.  Tha  standards, 
including  in  aaeh  ease  GaAa  and  two  different  AlzGa]_zAs  na trices,  and 
the  sasiple  were  inserted  simultaneously  to  insure  nearly  identical 
analysis  conditions.  After  allowing  the  pressure  in  the  saaple 
chamber  to  reach  a  steady-state  condition,  the  primary  beam  was 
focused  to  a  spot  of  about  100  pa  in  diameter,  and  the  proper  mass 
settings  were  determined.  Standards  and  saaple  were  analysed 
consecutively  without  changing  any  instrumental  parameters.  Using  the 
depth  profiles  of  the  standards,  natriz  calibration  lines  were 
constructed  and  used  to  oorreet  the  saaple  depth  profiles. 


results  m  piacwawM 


Bt  and  BS  calibration  lines  can  be  used  to  quantify  concentration 
and  depth  respectively  (4).  Using  Eq.  (3),  the  concentration  of 
analyte  at  each  point  of  a  depth  profile  Cp  (atoms/cm3)  can  be 
determined. 


IP/Btx*x0'VA 


(3) 


k,  is  the  relative  sputtering  yield  determined  from  a  ealibration 


liu  for  the  appropriate  vain*  of  x,  and  xQ  is  the  praotioal  ioa  yield 
of  the  analyte  in  the  standard  matrix  (GaAs).  I.  (counts)  and  D_  (ea) 
are  the  signal  and  depth  inereaent  assooiated  with  a  given  point  of  a 
depth  profile. 

Similarly,  the  erosion  rate  at  a  given  point  of  a  depth  profile 
*p  (ea/see)  can  be  determined  using  Eq.  (4). 


xp  -  BSx*x0.Ho/Nx 


(4) 


SSX  is  the  relative  spattering  yield  determined  from  a  calibration 
line  for  the  appropriate  value  of  x,  and  xQ  (ca/sec)  is  the  erosion 
rate  of  the  standard  matrix  (GaAs).  and  Nz  are  the  atomic 

densities  of  the  standard  and  sample  matrix  respectively. 

With  Bqs.  (3)  and  (4)  a  multilayer-multimatrix  sample  can  now  be 
analysed.  The  most  critical  ingredient  of  snch  an  analysis  is  the 
determination  of  the  matrix  structure.  The  program  SLIC  exploits  the 
fact  that  the  concentration  of  As  in  AlzGa]_zAs  matrices  is  a 
oonstant,  and  that  the  relative  ion  yield  of  7SAs+  in  AlzGa].zAs 
matrices  oan  be  readily  calibrated.  Zf  the  value  of  R*z  in  Bq.  (3) 
is  expressed  in  terms  of  the  equation  for  the  7*As+  calibration  line 
(**J*  -  x'MJ*  ♦  1;  where  is  the  slope  of  the  line),  the  equation 


oan  be  manipulated  to  the  following  farm: 
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Bxo*pt  for  Dp,  the  tiIui  for  all  the  vitiiblu  on  the  right  aide  of 

Eg.  (5)  eu  bo  readily  detent ined.  Since  Dp  it  directly  related  to 

•  .  •  _ 

*P  ("p  “  *p*Tpi  where  Tp  it  the  mrnber  of  tecondt  per  point)*  it  can 
be  ezpretted  in  tent  of  Eg.  (4).  If  BS^  it  replaced  with  the 
oorreaponding  equation  for  the  BS  calibration  line*  Eq.  ($)  it 
obtained. 


<^S**  +  l)**0*WTj 


(Eg*-*  +  l)*VTp 


*BS  it  the  tlope  of  the  BS  calibration  line*  and  1^*  it  the  alope  of 
the  oorreaponding  relative  erosion  rate  calibration  line  (l^s  » 

*  One*  again  the  valuer  of  Dp  and  s  are  the  only  unknown 
quantitiee. 

For  each  point  of  a  depth  profile*  the  progran  SLR  de  ten  iota 
the  aatrix  atrueture  by  perfoning  the  following  proeeet.  It 
initially  at  tune  t  that  x  «  0.  The  eorretponding  value  of  Dp  it 
Aetenine^  froa  Eg.  «).  and  eaployed  in  Bq.  (S)  to  obtain  a  hotter 
approxinatlr"  >f  a.  Tbit  procett  it  reiterated  until  the  value  of  x 
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converges.  In  this  Burner,  the  astriz  structure  can  be  deteniaed 
despite  astriz  gradients,  interfaces ,  and  plateaus. 


Canabilities  tad  Limitations.  As  shown  in  Figure  2a,  aatriz 
effects  can  drastically  distort  SINS  analyses  through 
aul til ayer-anl tins triz  saaples.  This  depth  profile  of  a  boron  inplant 
through  a  GaAs  and  a  ^zOti_sAi  layer  shows  a  large  irregularity  at  31 
tiae  units.  This  irregularity  is  due  to  the  changing  natriz  effects 
at  the  interface.  In  Figure  2b,  SLIC  was  used  to  deteraine  the  A1 
distribution  and  correct  the  ^B+  implant  distribution.  Upon 
correction,  the  implant  distribution  was  transformed  into  the  near 
gaussian  shape  which  was  ezpected. 


The  crucial  factor  influencing  the  quality  of  the  natriz 
corrections  performed  by  SLIC  is  the  aeouraey  with  which  the  natriz 
structure  can  be  determined.  This  accuracy  can  be  ohecked  with  BBS. 
BBS  analysis  is  accurate  to  about  10%,  and  has  an  detection  limit  of 
1%  for  Aljfla^jAs  matrices.  In  Figure  3,  a  complez  AlzGa^_zAs  sample 
was  analyzed  by  both  SIMS  and  BBS.  The  A1  concentration  at  specific 
regions  of  the  superlattice  was  determined  using  SLIC  and  standard  BBS 
techniques  (5).  As  shown  in  Table  I,  the  values  determined  by  the  two 
techniques  agree  quite  well.  Ii^aet,  the  two  sets  of  data  are  not 
statistically  different  at  a  93%  confidence  level. 


In  addition  to  matriz  composition,  the  point-by-point  correlation 
between  matriz  structure  end  dopant  distribution  is  critical.  Saall 


ij'-j ■ 
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differences  between  the  actual  and  the  aeasured  matrix  structure  can 
significantly  influence  the  corrections  perforaed  on  dopant 
distributions.  As  apparent  in  Figure  4.  the  ?"As+  signal  tracts  tbe 
A1  distribution  quite  well.  SLIC  uses  this  correlation  to  precisely 
determine  aatrix  structures.  However,  errors  can  still  result  froa 
tbe  correlation  between  aatrix  structure  and  dopant  distribution.  For 
example,  there  is  a  dead  tiae  between  the  measurement  of  the  aatrix 
signal  and  the  dopant  signal  for  each  point  of  a  depth  profile.  Vhen 
this  dead  tine  is  large  compared  to  the  abruptness  of  the  aatrix 
changes,  the  aatrix  and  dopant  signals  will  be  obtained  froa  different 
aatrix  regions.  Consequently,  the  dopant  signal  will  be  calibrated 
for  the  wrong  aatrix  composition.  Fortunately,  this  type  of  error  can 
usually  be  avoided  by  ainiaizing  the  dead  tiae  and  reducing  the 
sputtering  rate. 

Another  obstacle  to  quantitative  aul til ayer-aul time trix  analysis 
concerns  aolecular  interferences.  Molecular  ions  are  frequently  the 
source  of  the  high  background  signals  conaonly  observed  during 
eleaental  analysis.  Molecular  signals,  like  elenental  ion  yields,  can 
change  with  aatrix  composition.  When  analyzing  a  aultiaatrix  saaple, 
failure  to  correct  for  the  changing  abundance  of  interfering  aolecular 
ions  can  lead  to  erroneous  eleaental  distributions.  For  exsaple.  in 
Figure  5a,  the  *®Si+  profile  (dotted  line)  tracts  the  Al*+  profile 
(solid  line)  through  the  alternating  GaAs  and  AlxGaj_sAs  layers  even 
though  this  region  has  not  been  doped  with  Si.  Fortunately*  these 
ehanging  background  levels  can  often  be  linearly  correlated  to  the 
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matrix  composition.  For  example,  provided  the  background  signals  are 
normalized  to  erosion  rate,  a  precise  background  signal  calibration 
line  can  be  obtained  for  Si  in  AlxGaj_xAa.  The  background  signals  can 
then  be  subtracted  point-by~-point  prior  to  quantification.  In  Figure 
Sb,  both  a  background  corrected  (dotted  line)  and  an  nneorrected 
(dashed  line)  Si  concentration  depth  profile  are  presented.  In  the 
corrected  version,  nearly  all  the  distortions  produced  by  the  changing 
background  levels  are  removed.  The  doped  region  at  the  surface 
remains  followed  by  a  region  with  the  Si  concentratrion  below  the 
detection  limit  (5  X  10^  atom/em^)  of  Si  in  GaAs. 

The  full  utility  of  SLIC  can  be  appreciated  whan  very  complex 
samples  are  analyzed.  In  Figure  6.  SLIC  has  been  used  to 
quantitatively  analyze  a  complex  AlxGaj_xAs  superlattice  grown  by  MBS 
with  Be  and  Si  dopants.  In  the  uncorrected  profile.  Figure  6 a,  both 
the  Be  and  Si  distributions  follow  the  ^As+  signal  due  to  the 
changing  matrix  effects.  Upon  calibration,  both  the  Be  and  Si 
distributions  have  changed  substantially.  As  expected  from  the  growth 
conditions,  the  Be  concentration  generally  increases  as  the  A1 
concentration  decreases  and  vice  versa.  In  addition,  excluding  the 
surface  build  up,  the  Si  distribution  has  geynerally  leveled  ont  at  4 
X  10«  atcm/cm^.  Without  SLIC,  this  type  of  analysis  could  not  have 
been  made 

In  summary,  SLIC  is  a  very  precise  progrsm  for  applying 

calibration  lines  to  the  problem  of  matrix  effeots  in  complex  samples. 
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Although  most  of  th«  work  to  date  hat  bees  applied  to  AlzGa]_zAa 
aatriees,  this  procedure  can  be  used  in  related  uatrices,  such  as 

InxGa]_zAs  and  GaAs]_zSbz.  In  addition,  work  is  this  laboratory 

indicates  that  siailar  Methods  can  be  applied  to  Group  III  and  V 

coapound  Matrices  in  which  several  elenents  are  changing 

s inul tane one ly . 
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T«bl«  I.  Point-by-point  Coaparisoa  of  11  Concentrations 
Determined  by  SIMS  ud  BBS  Analyses 


A1  Concentration  (X  1021  atoa/ea2) 


Poimt 

BBS 

SIMS 

Deviation 

1 

12.0 

13.0 

-1.0 

2 

4.2 

3.9 

♦0.3 

3 

5.1 

4.8 

+0.3 

4 

5.1 

4.7 

+0.4 

5 

5.2 

4.7 

+0.5 

$ 

11.0 

11.0 

0.0 

7 

1.0 

1.3 

—0.3 

8 

4.9 

5.7 

-0.8 

Arp  Doriatioa  ■  -0.075 


FIGURE  CAPTIONS 


Figure  1. 


Figure  2. 


Figure  3. 


Figure  4. 


Figure  5. 


A  hypothetical  A1  Ge^_zAs  superlattice.  The  thickness 
T  of  the  layers  can  vary  froa  several  angstroas  to  several 
aiorons  vhile  z  can  be  varied  froa  0  to  1. 

SIMS  depth  profile  of  a  230  Xev  22  B+  iaplant  into  a 
GaAs/Al0>3Gao>7As/GaAs  saaple.  (a)  uncorreoted  profiles 
of  21B+  (...)  and  ^3Aa+  ( — ■);  (b)  concentration 

profiles  of  B  (...)  (2.0  X  1018  atoa/ca3  full  scale* 

A1  ( - )  (1.0  X  1022  atoa/ca3  full  scale). 

SIMS  and  BBS  depth  profiles  of  an  AlxGa1_J[Aa 
superlattice,  (a)  an  uncorrected  ^3As+  SIMS  profile; 

(b)  an  BBS  profile  of  the  total  counts  froa  Ga  and  As. 


An  uncorreoted  SIMS  depth  profile  of  ^3As+  ( - )  and 

2?A12+  ( - )  in  sn  A1zGs2_xAs  superlattice. 


SIMS  depth  profile  of  an  (GaAs/AlQ'jjGaQ'ijAsta 
superlattioe  doped  in  the  first  0.4  pa  with  Si. 

(a)  uncorreoted  profiles  of  Al2+  ( — )  and  2*Si+ (...); 

(b)  concentration  (atoa/ca3)  profiles  of  Al2+  (-—*). 

and  Si  with  (...)  and  without  ( - )  background  correction. 
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Figure  6. 


SINS  depth  profile  of  eu  AI^q.^As  superlattiee  doped 

with  Be  end  Si.  (a)  uncorreeted  profilea  of  9Be+  ( - ), 

^Si+  (...)#  aad  ^3As+  ( - );  (b)  concentration 

profiles  of  Be  ( - )  (3.0  X  1019  atoa/ca3  full  seale) , 

Si  (...)  {9.0  X  1019  atoa/ea3  full  seale),  aad  hi  ( - ) 

{1.3  X  1022  atca/ca3  full  scale}. 
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